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 Through comprehensive density functional calculations, the structural, electronic and 
magnetic properties of both pristine and Sb doped NaxCoO2 (x = 1, 0.875 and 0.75) were investigated. 
Results demonstrate that Sb dopants substitute a Co within the complex NaxCoO2 lattice structure 
regardless of Na concentration (x). The Formation energy of SbCo dopant is 3.435 eV for x = 1, 1.805 
eV for x = 0.875 and 1.150 eV for x = 0.75. Furthermore, Sb dopants induce in-plane 
antiferromagnetic coupling among Co4+ ions. This particular magnetic phase is absent in pristine 
NaxCoO2. 
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1. INTRODUCTION 
 Sodium cobaltate (NaxCoO2) is an interesting and promising compounds for high efficiency 
thermoelectric material applications [1]. This compound also exhibits a rich magnetic and structural 
phase diagrams [2,3]. As demonstrated in Fig. 1(a), NaxCoO2 lattice is made of alternating Na layers 
and edge-sharing CoO6 octahedra. Due to its triangular nature, the CoO6 layer in NaxCoO2 has high 
degree of electronic frustration that results in large spin entropy [4] therefore creating a large Seebeck 
coefficient [5]. Additionally, in NaxCoO2, phonons are strongly scattered by the Na+ ions which are 
mobile and liquid like at room temperature [6,7]. The high mobility of Na ions leads to an 
unprecedented freedom to favorably adjust all otherwise interdependent factors of figure of merit (ZT) 
[8] independently, giving NaxCoO2 an advantage over other thermoelectric materials in realizing 
phonon-glass electron-crystal systems [9,10]. From materials engineering viewpoint, controlling Na 
concentration (x) has been the primary technique to push the ZT of NaxCoO2 to higher limits [11]. 
However, given the volatile nature of Na ions, accurate experimental characterization of Na 
concentration and its behaver is somehow difficult [12]. This experimental difficulty motivated 
theoretical investigations into the structural and electronic properties of pristine NaxCoO2. For 
instance, the structure and electronic properties of NaxCoO2 have been studied using density 
functional theory (DFT) [13,14], DFT plus Monte Carlo approach [15] and DFT plus Gutzwiller 
method [16]. Additionally, doping with other elements has also been utilized to improve the sodium 
cobaltate’s properties. For example, heavier ions such as rare earth elements [17] and Ag [18] were 
used to decrease the lattice thermal conductivity (kl) as a strategy to improve ZT of the compounds. In 
one instance, 3% of Yb dopants significantly increased the power factor to 1.5 × 10−3W m−1K−2, albeit 
with a trade-off of increased resistivity. 
 Further progress in realizing the functional applications of NaxCoO2 requires an accurate 
understanding of the effects of Na concentration and the presence of dopants on the electronic 
properties of NaxCoO2. One particular concern is that due to the difference in bonding nature and 
lattice structure in the CoO6 and Na layers in NaxCoO2 compounds, a particular dopant may be stable 
at different lattice sites as Na concentration varies. Moreover, the effect of the dopants on the delicate 
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magnetic interactions in NaxCoO2 is still unclear [19] and needs careful investigation. In this work, 
therefore, the behavior of Sb dopants in NaxCoO2 for values of x = 0.75, 0.875 and 1 is investigated 
using density functional theory. NaxCoO2 with higher Na concentration of x > 0.75, as investigated 
here, possesses excessively higher thermopower [5] and exhibits complex Na ordering patterns [3] 
thus is both appealing and challenging compound to explore. Sb as a dopant was particularly chosen 
because it has an exceedingly higher atomic mass than the elements of the host materials and may 
play a role as phonon rattler in thermoelectric applications. 
2. COMPUTATIONAL SETTINGS 
 Spin-polarized density functional calculations were performed with VASP package [20,21]. 
Potentials based on the projector augmented wave method were used for all elements [22,23]. 
Generalized gradient approximation (GGA) based on Perdew-Wang formalism [24,25] was applied to 
approximate the exchange-correlation functional. The energy cutoff was set to be 500 eV. In order to 
localize Co’s 3d electrons we added on-site Coulomb (U) and exchange (J) interaction terms of U = 5 
and J = 1 eV to Co 3d elections using Dudarev’s approach [26]. Among many values reported for U 
and J in the literature [27–29], the chosen values reproduce the charge disproportionation [30,31] of 
the Co ions more accurately. Brillouin zone sampling for the supercells was carried out by choosing a 
4×2×2 k-point set within Monkhorst-Pack scheme [32] with a grid spacing of ~0.05 Å−1 between the k 
points. Total energy convergence tests were performed, by increasing the k point mesh to 6×3×3; it 
was found that the total energy differs only by 10−5 eV/atom. Thus the results were well converged. 
The lattice parameters of fully optimized primitive unit cell of NaCoO2 was found to be 2.87 Å for a 
and 10.90 Å for c which are in reasonable agreement with experimental lattice parameters [33] 
differing by −1.49 % and 0.07 % for a and c respectively. Then a 2a×4a×1c supercell of NaCoO2 
consisting of 64 atoms constructed for studying the Na deficient and Sb doped compounds. To obtain 
the final atomic geometries of the studied compounds, the internal coordinates of all ions in the 
supercell were relaxed while fixing the lattice constants to the calculated values of pristine NaCoO2. 
This procedure eliminates the artificial hydrostatic pressure ensuring that the final structures are in 
equilibrium. 
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 Fig. 1. (a) The 2a×4a×1c supercell used for NaCoO2. Co and O ions occupy the Wyckoff 2a 
and 4f sites of the hexagonal lattice structure respectively. In NaCoO2 all Na ions occupy 2d (Na2) 
sites. In Na deficient compounds, some Na ions occupy 2b (Na1) sites. (b) The spin density of the Co 
containing plane in Na0.875CoO2 as indicated by black spheres in (a). (c) The spin density of the Co 
containing plane in Na0.75CoO2. In (b) and (c), circles represent the position of the atoms in 
accordance to (a). The dashed circles represent Na vacancies for compounds with x < 1. 
3. RESULTS AND DISCUSSION 
3.1. Pristine NaxCoO2 
 For 100% Na concentration (x = 1), all Na ions occupied Na2 sites (Wyckoff 2d position) 
within the supercell. Here the shortest distance between the Na ions in the relaxed geometry was 2.87 
Å which is equal to the lattice constant a indicating the full preservation of symmetry of the primitive 
cell for this level of sodium concentration. The obtained Na ordering pattern is in agreement with 
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earlier results of DFT calculations by Zhang et al. [13] based on Troullier-Martins pseudopotentials 
[34] and by Meng et al. [14] based on GGA and projected augmented planewave method. Similarly, 
both works reported that Na ions were more stable at Na2 sites for 100% Na concentration. Orbital 
projected charge analysis indicated the entire charge of the Na ions was transferred to the Co ions 
creating a nonmagnetic electronic configuration 𝑡2𝑔
6 𝑒𝑔
0 for Co in NaCoO2. Furthermore, since the gap 
between t2g and eg states in octahedral coordination is ~2.3 eV [35], it is predicted that all Co ions to 
be in low spin state and thus NaCoO2 will be a band insulator. This description is in agreement with 
earlier theoretical calculations [36] and experimental observations [37]. 
 In the next stage, the ordering pattern of Na ions in Na deficient NaxCoO2 compounds was 
studied. To model the Na0.875CoO2 compound, 2 Na vacancies were created by removing one Na ions 
from the top Na layer (Z=0.50) and another Na ion from the bottom Na layer (Z=0) resulting in 
overall 87.5% Na concentration (x = 0.875). After full geometry optimization, all Na ions were found 
to still occupy Na2 sites. Due to Na deficiency in each layer, the less compacted pattern reduced the 
electrostatic repulsion in the Na layers. However, the shortest distance between Na ions remains 2.87 
Å as the same as in NaCoO2 compound. Previous DFT investigations have also reported that for 
sodium concentrations higher than 80%, Na ions generally prefer to occupy the Na2 sites. For 
instance, for x = 85.71%, the Na1/Na2 ratio was found to be 0.2 [14], for x = 83%, the Na1/Na2 ratio 
was found to be 0.428 [13] and for x = 81.25%, the Na1/Na2 ratio was found to be 0.33 [15]. As 
demonstrated in Fig. 1(b), we see that the Co ions adjacent to Na vacancies are in S= ½ (𝑡2𝑔
5 𝑒𝑔
0) spin 
state and couple ferromagnetically across different CoO6 layers. In-plane ferromagnetic coupling 
among Co4+ ions has been reported in a number of experiments for various Na concentrations 
[6,38,39]. However, there is no general agreement on the nature of the out of plane coupling among 
Co ions for x = ~0.85: both antiferromagnetic coupling with TN = 19.8 K [2,40] and quasi-
ferromagnetic transition at Tc = ~8 K [11] have been reported. Regardless of the magnetic ground 
state, the origin of the out of plane coupling is generally attributed to second-neighbor superexchange 
interaction [41]. 
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 Fig. 2. Total and partial density of states (P/DOS) of (a) NaCoO2, (b) Na0.875CoO2 and (c) 
Na0.75CoO2 is presented here. The black and green lines represent total, Co’s 3d DOS respectively. 
 In order to create the supercell of the Na0.75CoO2 compound, two Na ions were removed from 
each Na layer creating 75% Na concentration. After geometry optimization, we found that some Na 
ions were relaxed into the vicinity of Na1 lattice sites. For those Na ions at nearly Na2 sites, the 
position of Na ions was slightly off the oxygen axes along c direction, inferring H3 structure for x = 
0.75 and confirming the earlier experimental observations [42]. The Na1/Na2 ratio was found to be 
0.5 which is in agreement with the previous DFT calculations [13,14]. As presented in Fig. 1(c), we 
found that Co4+ within the same plane couple ferromagnetically while Co ions on different CoO6 
layers couple antiferromagnetically, giving rise to A-type antiferromagnetic state. This magnetic 
phase resembles that of the closely related compound Na0.7CoO2 [38]. 
 The total and partial density of states (P/DOS) of NasxCoO2 compounds were calculated and 
are presented in Fig. 2. As in Fig. 2(a), the DOS of NaCoO2 does not exhibits any magnetic exchange 
features indicating the nonmagnetic ground state of the Co ions. Furthermore, the fundamental 
bandgap is ~2.2 eV which also equals to the gap between the fully filled Co’s t2g and fully empty eg 
states. The P/DOS of Na0.875CoO2 compound is presented in Fig. 2(b) which indicates a 
superexchange p-d splitting for the Co4+ states (indicated by a black arrow) that pushes the majority 
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spin states into the fundamental band gap therefore creating half-metallic conductivity. The 
ferromagnetic ground state seems to be stabilized by the drift of the bottom of the valence band to 
lower energies as indicated by a gray arrow in Fig. 2(b). Such ferromagnetism has been predicted by 
previous theoretical model calculations [16] and observed experimentally [11]. The P/DOS of the 
Na0.75CoO2 compound is presented in Fig. 3(c). Here, due to the distortion of CoO6 octahedra that has 
been caused by Na vacancies, the 3d electron of the magnetic Co4+ ions are further split into several 
localized bands within the fundamental band gap as indicated by an arrows in Fig. 3(c). The Fermi 
level is now located near valence band maximum within the first split 3d band indicating strong p-
type conduction. The antiferromagnetic coupling between different CoO6 layers for x = ~0.75 is 
driven by the special interlayer superexchange interaction originating from the high symmetry of Na 
ordering for this level of Na concentration [43,44]. 
3.2. Sb doped NaxCoO2 
 Since only those configurations in which the Sb dopant replaces a cation were considered 
here, Sb dopants’ formation energy (Ef) was calculated for four possible geometric configurations: (a) 
when the SbNa1 substitutes a Na ion at Na1 site, (b) when SbNa2 substitutes a Na ion at Na2 site, (c) 
when SbInt occupies an interstitial site in Na layer and (d) when SbCo substitutes a Co ion. Since Sb’s 
ionic volume of 2.16 × 10−4 nm3 is much larger than the interstitial cavity in CoO6 layer of 1.79 × 10−7 
nm3, this interstitial site was not considered. Dopant's formation energy was calculated using the 
standard procedure as described by the following standard equation [45]: 
𝐸𝑓 = 𝐸𝑡(NaxCoO2: Sb) − 𝐸
𝑡(NaxCoO2) − 𝜇X + 𝜇Sb    (1) 
Here, Et(NaxCoO2:Sb) is the total energy of the NaxCoO2 supercell containing the Sb dopant and 
Et(NaxCoO2) is the total energy of the undoped NaxCoO2 supercell. µX is the chemical potential of the 
removed element X and and µSb is the chemical potential of Sb. Chemical potential is defined as the 
required energy to remove atom from its reservoir. The chemical potentials of Sb and Co and Na were 
calculated based on the elements' most stable oxides, that is, CoO for Co, NaO2 for Na and Sb32O48 for 
Sb. The obtained chemical potentials corresponds to the oxygen rich environment that is the case of 
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ceramic synthesis in air which is commonly used to synthesize sodium cobaltate. 
 Fig. 3. The formation energy (Ef) of Sb dopants in NaxCoO2 is presented. The triangular, 
circular and rectangular symbols represent the formation energy for x = 0.75, 0.875 and 1 
respectively. The lines are for visual aid. 
 The formation energy of Sb dopants in NaxCoO2 is presented in Fig. 3. In the case of x = 1, 
(NaCoO2:Sb), the most stable configuration was SbCo with an E
f of 3.435 eV. Sb dopants had 
considerably higher Ef when located in Na layer. SbNa2 and SbInt each had an E
f of 6.318 eV, and 
11.585 eV respectively. SbNa1 was found not to be stable and relaxed to Na2 site after geometry 
optimization. For x = 0.875, the most stable configuration was again SbCo with an E
f of 1.805 eV 
followed by SbNa1 with an E
f of 4.052 eV, SbNa2 with an E
f of 4.237 eV and finally SbInt with an E
f of 
5.737 eV. For Na concentration of 75% (Na0.75CoO2:Sb), the most stable configuration was SbCo with 
an Ef of 1.150 eV followed by SbNa1 with an E
f of 3.340 eV and SbNa2 with an E
f of 3.860 eV 
respectively. The least stable structure was SbInt which had an E
f of 5.174 eV. We can conclude that 
for the considered Na concentrations, Sb dopants are always the most stable when substituting a Co. 
The formation energy of Sb dopants for x values of 0.75 and 0.875 has been previously reported using 
different values for U and J parameters applied for Co ions [46]. Although the exact values of Ef to 
some extant depend on the values of U and J (or lack of them) both in the term of value and scheme 
[46,47], the fact that Sb ions substitute a Co is a persistent conclusion. 
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 Fig. 4. Total and partial density of states (P/DOS) of (a) SbCo doped NaCoO2, (b) SbCo doped 
Na0.875CoO2 and (c) SbCo doped Na0.75CoO2 is presented. The black and green lines represent total, 
Co’s 3d DOS respectively while the red shaded area represent Sb partial DOS. Sb states were 
multiplied by 10 for clarity. 
 P/DOS of Sb doped compounds is given in Fig.4(a)-(c) The first common feature among all 
three Sb doped compounds is the large crystal field splitting of the Sb ions. The filled 5p states 
occupy the bottom of the valence band pushing Co's t2g electrons to higher energy regions. 
Consequently, in all three compounds, the Fermi level has shifted to non-zero DOS region causing an 
itinerant conductive state and mixed Co valency for the SbCo doped compounds irrespective of Na 
concentration. Additionally, Sb's unfilled states are located at the top of conduction band acting as 
anti-bonding states. The second common feature is the lack of any significant ferromagnetic exchange 
splitting in all doped compounds. Such ferromagnetic coupling could however be readily achieved in 
pristine Na0.875CoO2. The analysis of the site projected wave function of Co ions in all three 
compounds revealed that the Co ions in the Sb doped compounds indeed align antiferromagnetically 
within the same plane. Such coupling was absent in the pristine compounds of similar Na 
concentrations. To illustrate this point, the spin densities of the doped compounds are presented in 
Fig. 5(a)-(c). To examine the strength of this coupling, we recalculated the total energy of the Sb 
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doped compounds under the condition that fixed the spin of the Co ions to the values of the 
corresponding pristine compounds. We denote this energy as EOrginal. We then calculated the energy 
difference ΔE between the in-plane antiferromagnetic coupling EAFM (as illustrated in Fig. 5), and 
EOriginal. Lower ΔE indicate stronger in-plane antiferromagnetic coupling among Co is. We found ΔE 
to be −21.1 meV/Co for x = 1, −39.7 meV/Co for x = 0.875 and −11.6 meV/Co for x = 0.75. The Sb 
induced in-plane antiferromagnetic coupling demonstrate the sensitivity of magnetism in NaxCoO2 to 
the presence of Co site dopants and impurities. Consequently, unintentional Co site impurities may be 
the origin of the conflicting reports on the magnetic behavior of NaxCoO2. 
 Fig. 5. The spin density projected on the Co containing plane in (a) NaCoO2:SbCo, (b) 
Na0.875CoO2:SbCo, and (c) Na0.75CoO2:SbCo. The large, medium and small circles represent the position 
of Na, Co and O receptively. The dashed circles represent Na vacancies and filled circles represent the 
position of SbCo dopants. The orientation of supercells and the slides is identical to that of Fig. 1. 
4. CONCLUSIONS 
 In this work, using density functional theory, the structural, electronic and magnetic 
properties of pristine and Sb doped NaxCoO2 (x = 1, 0.875 and 0.75) were studied. The main findings 
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of this investigation can be summarized as follow: (1) For 100% and 87.5% Na concentration (x = 1 
and x = 0.875), all sodium ions are located at Na2 sites. For 75% sodium concentration, the ratio of 
Na2/Na1 is 0.5. (2) NaCoO2 has a nonmagnetic ground state, Na0.875CoO2 has a ferromagnetic ground 
state while Na0.75CoO2 adopts A-type antiferromagnetic ground state. (3) In Sb doped compounds, 
SbCo is the most stable configuration independent of Na concentration. SbCo's formation energy 
however increases as Na concentration increases. This imply that doping Na deficient systems are 
practically easier. (4) for the investigated x values, Sb's 5p electrons occupy the bottom of the valence 
band pushing Co's t2g electrons into the Fermi level thus causing metallic conduction. (5) Sb dopants 
induce in-plane antiferromagnetic coupling among Co4+ ions. This coupling is fundamentally different 
from the common in-plane ferromagnetic coupling in pristine compounds. 
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